Residual stresses of physical vapor deposition (PVD) hard coatings can be measured using X-ray diffraction (XRD) methods under either conventional d-sin 2 ψ mode or glancing incident (GIXRD) mode, in which substantial uncertainties exist depending on the applied diffraction parameters. This paper reports systematic research on the effect of the two analytical modes, as well as the anisotropic elastic modulus, on the measured residual stress values. A magnetron sputtered TiN grown on hardened tool steel was employed as the sample coating, to measure its residual stress using various diffraction peaks from {111} to {422} acquired at a range of incident glancing angles from 2 • to 35 • . The results were interpreted in terms of the effective X-ray penetration depth, which has been found to be determined predominantly by the incident glancing angle. In the d-sin 2 ψ mode, the results present an approximate residual stress over a depth of effective X-ray penetration, and it is recommended to use a diffraction peak of high-index lattice plane from {311} to {422}. The GIXRD mode helps determine a depth profile of residual stress, since the measured residual stress depends strongly on the X-ray penetration. In addition, the anisotropy of elastic modulus shows limited influence on the calculated residual stress value.
Introduction
Most hard coatings grown by plasma enhanced physical vapor deposition (PVD) show various levels of residual stresses which strongly influence the adhesion and tribological performance. Accordingly, accurate stress measurement is highly desirable. Similar requirements also exist in many other engineering materials, such as surface-hardened turbine blades, gears and spring components.
X-ray diffraction (XRD) is a widely used method of residual stress measurement, namely, by means of the XRD sin 2 ψ technique [1] [2] [3] [4] . A schematic sketch of the method is shown in Figure 1 . A crystalline plane is employed as the strain gauge to measure its d-spacing at a series of off-axis angles, ψ, i.e., the angle between the normal of the strain gauge plane to the normal of the sample surface. Then by plotting the d-spacing linearly against the corresponding sin 2 ψ values, a linear regression is made whereas the slope is used to calculate the lattice strain. In the conventional sin 2 ψ measurement, a crystal plane, usually having a high diffraction angle (2θ > 125 • ), is selected as the strain gauge that a series of ψ angles can be obtained by acquiring its diffraction peaks at different incident angles, Ω, of the X-ray beam [4, 5] . For thin films or coatings, however, the measurement at such a large diffraction angle always comes with an extremely weak diffraction peak and strong peak broadening. Consequently, crystalline planes of low diffraction angles have also been used.
An alternative method is glancing incident XRD (GIXRD), in which a constant Ω angle of incident X-ray is employed to acquire diffraction peaks of different diffraction angles and thereafter different ψ angles, given the relation between the three angles as ψ = θ − Ω [6] [7] [8] [9] [10] [11] [12] . The GIXRD method is especially useful in measuring the residual stresses of extremely thin films and surface layers when a very low Ω angle is employed. The GIXRD method has been useful in measuring the residual stresses of thin films and coatings having cubic crystalline structures [9, 11, [13] [14] [15] [16] .
Coatings 2017, 7, 128 2 of 16 is employed to acquire diffraction peaks of different diffraction angles and thereafter different ψ angles, given the relation between the three angles as ψ = θ − Ω [6] [7] [8] [9] [10] [11] [12] . The GIXRD method is especially useful in measuring the residual stresses of extremely thin films and surface layers when a very low Ω angle is employed. The GIXRD method has been useful in measuring the residual stresses of thin films and coatings having cubic crystalline structures [9, 11, [13] [14] [15] [16] . Large uncertainties may arise in residual stress measurements when the applied XRD sin 2 ψ method results in either a nonlinear d-sin 2 ψ plot or large scattering in a linear d-sin 2 ψ plot. In the conventional sin 2 ψ measurement, for example, Perry and co-workers reported splitting sin 2 ψ plots in measuring the residual stresses of sputtered titanium nitride coatings by using the {220}, {111} and {200} planes [8] . Kim reported different slopes of the sin 2 ψ plots between the measurements using {111} and {200} crystal planes of titanium nitride coatings [7] . For the former, the uncertainties may result from both the dependence of X-ray penetration on the applied diffraction geometry, i.e., the Ω and ψ angles and the structural heterogeneity of the films and coatings to be measured. In fact, different crystalline planes, from the low-index planes {111} and {200}, to the high-index planes {311} to {422}, have been employed by many researchers in measuring the residual stresses of TiN coatings [8] [9] [10] [11] . Similarly, in the GIXRD method, the incident angle has been also known to have remarkable influence on values of the measured residual stresses because of the variation of X-ray penetration depth [10, 12] . Unfortunately, there is a lack of systematic experimental research to clarify and interpret the effect of these geometric factors on stress measurements, although being discussed in theoretical principal [13] . For the latter, because the nano-scale structure heterogeneity of PVD coatings has been experimentally approved as a result of microstructure evolution during their growth, a stress profile is expected to exist along the depth of such a coating. Related to this, theoretical and experimental approaches have been published for the measurement of stress profiles [17] [18] [19] .
In addition, the anisotropic nature of most crystalline materials also leads to considerable scatter of the calculated stress values because the Young's modulus depends on the crystallographic orientation. In case of transition metal nitrides, a number of papers reported the anisotropic elastic modulus of titanium nitride coatings [8, [20] [21] [22] [23] [24] . For the data scattering in a linear d-sin 2 ψ plot, it has been reported that the method of diffraction peak positioning has significant influence on the precision of the linear d-sin 2 ψ regression and the parabolic method was recommended to give the lowest scattering [25] .
In this paper, an assumption of orientation-independent biaxial stress state has been followed to allow the study to be focused on the uncertainties of residual stress measurements arising from the selection of XRD parameters. For this purpose, a magnetron sputtered titanium nitride coating has been selected as a sample coating to investigate the effect of XRD geometry on the results of residual stress measurement. A series of Ω angles have been employed to acquire diffraction peaks of crystal Large uncertainties may arise in residual stress measurements when the applied XRD sin 2 ψ method results in either a nonlinear d-sin 2 ψ plot or large scattering in a linear d-sin 2 ψ plot. In the conventional sin 2 ψ measurement, for example, Perry and co-workers reported splitting sin 2 ψ plots in measuring the residual stresses of sputtered titanium nitride coatings by using the {220}, {111} and {200} planes [8] . Kim reported different slopes of the sin 2 ψ plots between the measurements using {111} and {200} crystal planes of titanium nitride coatings [7] . For the former, the uncertainties may result from both the dependence of X-ray penetration on the applied diffraction geometry, i.e., the Ω and ψ angles and the structural heterogeneity of the films and coatings to be measured. In fact, different crystalline planes, from the low-index planes {111} and {200}, to the high-index planes {311} to {422}, have been employed by many researchers in measuring the residual stresses of TiN coatings [8] [9] [10] [11] . Similarly, in the GIXRD method, the incident angle has been also known to have remarkable influence on values of the measured residual stresses because of the variation of X-ray penetration depth [10, 12] . Unfortunately, there is a lack of systematic experimental research to clarify and interpret the effect of these geometric factors on stress measurements, although being discussed in theoretical principal [13] . For the latter, because the nano-scale structure heterogeneity of PVD coatings has been experimentally approved as a result of microstructure evolution during their growth, a stress profile is expected to exist along the depth of such a coating. Related to this, theoretical and experimental approaches have been published for the measurement of stress profiles [17] [18] [19] .
In this paper, an assumption of orientation-independent biaxial stress state has been followed to allow the study to be focused on the uncertainties of residual stress measurements arising from the selection of XRD parameters. For this purpose, a magnetron sputtered titanium nitride coating has been selected as a sample coating to investigate the effect of XRD geometry on the results of residual stress measurement. A series of Ω angles have been employed to acquire diffraction peaks of crystal planes of the nitride ranging from {111} to {422}. In particular, the diffraction angles of most of the employed crystal planes are lower than 125 • , the minimum angle for high-accuracy stress measurements recommended in the literature [4, 5] . To interpret the obtained results, the relationship between the X-ray penetration depth and the intensity of the diffracted X-ray beam has been calculated as a function of the applied geometrical conditions. It is expected that the results presented could help improve understanding about the accuracy in XRD residual stress measurements, especially the selection of appropriate diffraction parameters.
Experimental Procedure and Stress Calculation

The Sample Material
A stoichiometric titanium nitride coating was grown on a polished coupon surface of pre-hardened (HRC 64) M42 tool steel, by using a four-magnetron close-field unbalanced magnetron sputtering system (self-made equipment, Teer Coatings Ltd., Droitwich, UK). In the reactive sputtering deposition, all the four pure titanium targets were powdered under direct-current magnetron mode where the deposition chamber was maintained with partial pressure of gaseous nitrogen. The deposition procedures started with argon-ion etching on the samples using a pulsed DC power of frequency 350.0 kHz, pulse width 0.5 µs and a high negative substrate potential of −400 V. Then a thin metallic titanium interlayer, approximately 230 nm thick, was grown at a substrate bias −70 V and the four magnetrons being powered at 3.0 kW. After that, reactive nitrogen gas was introduced to deposit the stoichiometric TiN for 40 min.
Details of the structural characterization and mechanical properties of the sample coating can be found elsewhere [26] . In brief, the coating was 2.56 µm thick, exhibiting a single-phase cubic crystalline structure with a strong {220} texture and hardness of HK 0.025 34.8 ± 3.8 GPa. Figure 2a ,b shows the surface morphology of the coating and its microstructure, respectively. In Figure 2a , the coating exhibits a rough surface in sub-micron scale, whereas in Figure 2b the cross-sectional TEM (transmission electron microscopy, CM 20 STEM, Philips, Eindhoven, The Netherlands) micrograph shows dense columnar TiN grains. Note that the Ti interface is shown at the bottom of the cross-sectional micrograph, as labelled in Figure 2b . planes of the nitride ranging from {111} to {422}. In particular, the diffraction angles of most of the employed crystal planes are lower than 125°, the minimum angle for high-accuracy stress measurements recommended in the literature [4, 5] . To interpret the obtained results, the relationship between the X-ray penetration depth and the intensity of the diffracted X-ray beam has been calculated as a function of the applied geometrical conditions. It is expected that the results presented could help improve understanding about the accuracy in XRD residual stress measurements, especially the selection of appropriate diffraction parameters.
Experimental Procedure and Stress Calculation
The Sample Material
A stoichiometric titanium nitride coating was grown on a polished coupon surface of pre-hardened (HRC 64) M42 tool steel, by using a four-magnetron close-field unbalanced magnetron sputtering system (self-made equipment, Teer Coatings Ltd., Droitwich, UK). In the reactive sputtering deposition, all the four pure titanium targets were powdered under direct-current magnetron mode where the deposition chamber was maintained with partial pressure of gaseous nitrogen. The deposition procedures started with argon-ion etching on the samples using a pulsed DC power of frequency 350.0 kHz, pulse width 0.5 μs and a high negative substrate potential of −400 V. Then a thin metallic titanium interlayer, approximately 230 nm thick, was grown at a substrate bias −70 V and the four magnetrons being powered at 3.0 kW. After that, reactive nitrogen gas was introduced to deposit the stoichiometric TiN for 40 min.
Details of the structural characterization and mechanical properties of the sample coating can be found elsewhere [26] . In brief, the coating was 2.56 μm thick, exhibiting a single-phase cubic crystalline structure with a strong {220} texture and hardness of HK0.025 34.8 ± 3.8 GPa. Figure 2a ,b shows the surface morphology of the coating and its microstructure, respectively. In Figure 2a , the coating exhibits a rough surface in sub-micron scale, whereas in Figure 2b the cross-sectional TEM (transmission electron microscopy, CM 20 STEM, Philips, Eindhoven, The Netherlands) micrograph shows dense columnar TiN grains. Note that the Ti interface is shown at the bottom of the cross-sectional micrograph, as labelled in Figure 2b . 
XRD Experiments
A computer programmed Philips X'Pert X-ray diffraction instrument (Almelo, The Netherlands) was employed, using an incident radiation of Cu-Kα1 (λ = 0.154056 nm, the copper anode at 40 kV and 40 mA). Figure 1 shows the XRD setup of residual stress measurements. The instrument was run with a PW3050/60 goniometer which could perform both under the θ/2θ mode and the glancing angle 
A computer programmed Philips X'Pert X-ray diffraction instrument (Almelo, The Netherlands) was employed, using an incident radiation of Cu-K α1 (λ = 0.154056 nm, the copper anode at 40 kV and 40 mA). Figure 1 shows the XRD setup of residual stress measurements. The instrument was run with a PW3050/60 goniometer which could perform both under the θ/2θ mode and the glancing angle (GA, or Ω-2θ) mode with minimum step size of 0.001 • . In this work, the incident X-ray was in line-focus and aligned to pass a divergence slit and an anti-scattering slit, both of 0.25 • , and a mask window of 10 mm in width. No monochromator was applied so that a fraction of Cu-K α2 (λ = 0.1544426 nm) was also included in the incident beam in addition to the Cu-K α1 . In particular, before each XRD scan, the height position of the sample to be analyzed was carefully adjusted using a manufacturer-supplied dial gauge which has a height resolution of 0.002 mm. Diffraction curves were acquired at the Ω-2θ mode. In this mode, while the incident X-ray hits the sample surface at a fixed angle, Ω, the detector scans over a range to detect diffraction peaks. For each diffraction peak, its off-axis angle ψ is determined by the angle Ω and the diffraction half-angle, θ. In addition, a restriction is applied, that the maximum Ω angle is defined by Ω max = θ, since the maximum scanning angle between the beam emission and detection is 180 • . Therefore, while a series of fixed Ω angles from 2 • to 35 • were applied to collect the TiN diffraction peaks from {111} to {422}, the low-index lattice planes {111}, {200} and {220}, and {311} were scanned under the maximum Ω angles of 14 • , 18 • and 28 • , respectively. At each scan, the detector was programmed to scan at a step size of 0.05 • and, depending on the Ω angle, acquisition time from 300 to 1500 s to ensure sufficient diffraction beam intensity.
The as-acquired diffraction curves were processed by K α2 stripping, background removing, 11-point smoothening, and the Lorentz-Polaration-Absorption treatments. A parabolic approach technique of 0.6 I max (I max denoting the maximum intensity of a diffraction peak) was adopted to determine the diffraction angle, 2θ, as our previous research revealed that parabolic approach ensures the highest precision in peak positioning measurement [25] . Then, using each measured 2θ value, the precise values of the off-axis angle, ψ, crystal plane d-spacing, d, and lattice parameter, a, were deduced accordingly.
Calculation of Residual Stresses
The equations for residual stress calculation have been well documented in literature, e.g., in [1] [2] [3] [4] [5] [6] . An orientation-independent bi-axial stress state is assumed in this paper. In the mechanics of residual stress measurement, the d-spacing of the employed lattice plane {hkl}, d {hkl} , is expressed as a linear function of sin 2 ψ {hkl} in Equation (1a), or Equation (1b), where E and ν stand for the Young's modulus and Poisson's ratio, respectively. Note that, the residual stress, σ, and the stress-free lattice spacing, d 0 , are also included in Equation (1a).
In this paper, we have processed the data in two modes, namely the conventional d-sin 2 ψ mode, termed as {hkl} mode in short, and the GIXRD mode. In the {hkl} mode, the diffraction peaks of a selected {hkl} lattice plane are acquired at a range of incident Ω angles, to give rise to a group of d {hkl} and sin 2 ψ {hkl} values which consequently generate a linear regression using Equation (1a). The linear regression then turns out a set of two constants, C and D, which are expressed as functions of σ and d 0 , seeing Equation (1c,d). Consequently, the values of σ and d 0 can be deduced using Equation (2a,b), respectively. Meanwhile, the linear regression also turns out the deviation of the linear regression slope, ∆C, and the deviation of the linear regression constant, ∆D. Using the obtained σ, d 0 , ∆C and ∆D values, the associated deviations, ∆σ and ∆d 0 , can be obtained using Equation (2c,d).
For the GIXRD method, a simple conversion is made for cubic structured polycrystalline, like the transition metal nitride TiN, by replacing the d-spacing d {hkl} with the lattice parameter a {hkl} . Consequently, Equation (1a) to Equation (2d) can be rewritten as Equation (3a) to Equation (4d), respectively.
In the above calculations, the elastic modulus, E, and Poisson's ratio, ν, are assumed to be constants, namely E = 456 GPa and ν = 0.2 [23] . This assumption is necessary and provides feasibility in calculation when its anisotropic elastic property is unknown. However, the assumption of constant E modulus has been claimed to contribute to the non-linear d-sin 2 ψ plots or linear plots with different slopes [7, 8, 27] . To tackle this problem, a new treatment was introduced in literature [14] , in which the anisotropic E {hkl} varies depending on the different crystal planes {hkl} in a phase
The modified equation of Equation (3a) is written in Equation (5). The anisotropic elastic properties of transition metal nitrides were reported in literature [7, [22] [23] [24] 27] . In this paper, we have adopted the orientation-dependent E values of TiN determined by ab initio calculation, shown in Table 1 [22] . Moreover, it has been noticed that, except for the curve acquired at a very low Ω angle of 2 • , several diffraction peaks of the substrate ferrite are also visible, which provides evidence that the incident and diffracted X-rays transmitted across the whole TiN section. In other words, the whole TiN coating section contributed to each diffraction peak. Table 2 lists all the measured values of the diffraction peaks, which are consequently employed to analyze the residual stress characteristics in the following sections.
Results and Discussion
Coatings 2017, 7, 128 6 of 16 Figure 3 shows a collection of the obtained diffraction curves at various Ω angles of 2°-35°, showing the diffraction peaks of TiN from {111}, {200}, to {422}. Moreover, it has been noticed that, except for the curve acquired at a very low Ω angle of 2°, several diffraction peaks of the substrate ferrite are also visible, which provides evidence that the incident and diffracted X-rays transmitted across the whole TiN section. In other words, the whole TiN coating section contributed to each diffraction peak. Table 2 lists all the measured values of the diffraction peaks, which are consequently employed to analyze the residual stress characteristics in the following sections. Figure 4 shows the a{hkl} versus sin 2 ψ plots for various TiN planes from {111} to {422}. The use of a{hkl} instead of d{hkl} allows straightforward comparison between the results obtained from various {hkl} planes. Note that the vertical axis is defined with a constant scale, seeing the scale bar of the axis, but without exact value, so that the as-measured a{hkl} values in each group can be plotted versus the sin 2 ψ values to show their match to a linear regression. It can be found that good linear relationships exhibit in all the data groups, except that the a{hkl} values obtained at the lowest incident beam angle Ω = 2° (the last data point in each series) are extraordinarily lower and off-line as compared to other data. The extraordinary values were attributed to the substantially low X-ray penetration at the extremely low Ω angle, to be discussed in a later section. Thus, the last data points were excluded when all the other points were processed to set up a group of linear regressions according to Equation (1a). After that, the two constants deduced from each linear regression were employed in Figure 4 shows the a {hkl} versus sin 2 ψ plots for various TiN planes from {111} to {422}. The use of a {hkl} instead of d {hkl} allows straightforward comparison between the results obtained from various {hkl} planes. Note that the vertical axis is defined with a constant scale, seeing the scale bar of the axis, but without exact value, so that the as-measured a {hkl} values in each group can be plotted versus the sin 2 ψ values to show their match to a linear regression. It can be found that good linear relationships exhibit in all the data groups, except that the a {hkl} values obtained at the lowest incident beam angle Ω = 2 • (the last data point in each series) are extraordinarily lower and off-line as compared to other data. The extraordinary values were attributed to the substantially low X-ray penetration at the extremely low Ω angle, to be discussed in a later section. Thus, the last data points were excluded when all the other points were processed to set up a group of linear regressions according to Equation (1a). After that, the two constants deduced from each linear regression were employed in Equation (1b,c) to calculate the residual stress, σ, and the stress-free lattice parameter, a 0 . The results are listed in Table 3 . All the regressions obey good linear relationships with a high linear precision coefficient R 2 > 0.9.
Residual Stresses Measured under the {hkl} Mode
The obtained values of the residual stress and the stress-free lattice parameter are plotted in Figure 5 . Equation (1b,c) to calculate the residual stress, σ, and the stress-free lattice parameter, a0. The results are listed in Table 3 . All the regressions obey good linear relationships with a high linear precision coefficient R 2 > 0.9. The obtained values of the residual stress and the stress-free lattice parameter are plotted in Figure 5 . In Figure 5 , the high-angle diffraction peaks from {311} to {422} give similar values of residual stress in a range of −4.46~−6.23 GPa, each with a small deviation, Δσ. In particular, the calculated residual stress is irrelevant to the employed lattice planes. Meanwhile, the calculated stress-free Equation (1b,c) to calculate the residual stress, σ, and the stress-free lattice parameter, a0. The results are listed in Table 3 . All the regressions obey good linear relationships with a high linear precision coefficient R 2 > 0.9. The obtained values of the residual stress and the stress-free lattice parameter are plotted in Figure 5 . In Figure 5 , the high-angle diffraction peaks from {311} to {422} give similar values of residual stress in a range of −4.46~−6.23 GPa, each with a small deviation, Δσ. In particular, the calculated residual stress is irrelevant to the employed lattice planes. Meanwhile, the calculated stress-free In Figure 5 , the high-angle diffraction peaks from {311} to {422} give similar values of residual stress in a range of −4.46~−6.23 GPa, each with a small deviation, ∆σ. In particular, the calculated residual stress is irrelevant to the employed lattice planes. Meanwhile, the calculated stress-free lattice parameter, a 0 , is stabilized in a small range of 0.4239-0.4248 nm, being comparable to the values reported in the literature [8, 9, 14, 20] . On the other hand, the calculations from the three low-index planes {220}, {200} and {111} produce extraordinarily high residual stresses, namely −11.5, −18.6 and −28.0 GPa, respectively. Accordingly, the calculated lattice parameters vary from 0.4229 nm to 0.4165 nm, which are systematically smaller than those calculated at high-index planes.
Using the measured orientation-dependent lattice parameters a {hkl} (Figure 4 ) and the calculated stress-free lattice parameters a 0 (Figure 5) , the orientation-dependent residual strains ε {hkl} , ε {hkl} = (a {hkl} − a 0 )/a 0 , have been estimated as a function of the employed crystal plane {hkl}, the incident Ω angle, and the ψ angle. The results are displayed in Figure 6 . For the measurements of high-index {hkl} planes, the strains exhibit a similar linear relationship with respect to the sin 2 ψ, with their values falling in a range of ε = +0.05~−0.06. However, the three low-index planes {111}, {200} and {220} show much higher strain values. These values depend strongly on the {hkl} plane. In addition, it is also noticed that substantially different results were obtained from the {111} and {222} diffractions although they refer to the same groups of crystal planes; similarly large differences also exist between the results from the {200} and {400} diffractions. These differences are to be discussed in the next section. Nevertheless, the results suggest that only high-angle diffraction peaks are suitable for residual stress measurement although it is not technically necessary to select a diffraction peak of 2θ > 125 • [4] . lattice parameter, a0, is stabilized in a small range of 0.4239-0.4248 nm, being comparable to the values reported in the literature [8, 9, 14, 20] . On the other hand, the calculations from the three low-index planes {220}, {200} and {111} produce extraordinarily high residual stresses, namely −11.5, −18.6 and −28.0 GPa, respectively. Accordingly, the calculated lattice parameters vary from 0.4229 nm to 0.4165 nm, which are systematically smaller than those calculated at high-index planes. Using the measured orientation-dependent lattice parameters a{hkl} (Figure 4 ) and the calculated stress-free lattice parameters a0 (Figure 5 ), the orientation-dependent residual strains ε{hkl}, ε{hkl} = (a{hkl} − a0)/a0, have been estimated as a function of the employed crystal plane {hkl}, the incident Ω angle, and the ψ angle. The results are displayed in Figure 6 . For the measurements of high-index {hkl} planes, the strains exhibit a similar linear relationship with respect to the sin 2 ψ, with their values falling in a range of ε = +0.05~−0.06. However, the three low-index planes {111}, {200} and {220} show much higher strain values. These values depend strongly on the {hkl} plane. In addition, it is also noticed that substantially different results were obtained from the {111} and {222} diffractions although they refer to the same groups of crystal planes; similarly large differences also exist between the results from the {200} and {400} diffractions. These differences are to be discussed in the next section. Nevertheless, the results suggest that only high-angle diffraction peaks are suitable for residual stress measurement although it is not technically necessary to select a diffraction peak of 2θ > 125° [4] . 
Residual Stresses Measured under the GIXRD Mode
Following the GIXRD method, the measured lattice parameter a{hkl} were plotted against the sin 2 ψ for the applied Ω angles from 2° to 35°. Results of the linear regressions are shown in Table 4 . Figure  7 shows the plots. Similar to the chart in Figure 4 , the vertical axis is drawn with a constant scale instead of exact value, so that the as-measured a{hkl} values in each group can be plotted versus the sin 2 ψ values to show their match to a linear regression. Most of the plots, for Ω = 2°~28°, show fairly good linear relationships although the precision factors, R 2 , in a range of 0.69-0.82, are considerably lower than those obtained using the {hkl} mode as shown in Table 3 . However, the slopes show substantially different values depending on the Ω angle. Whereas most slopes are negative giving rise to compressive stresses, the data acquired at the smallest Ω angle of 2° leads to a positive slope and a tensile residual stress. The different values of the calculated slope, ranging between −6.82 × 10 −3 and 0.64 × 10 −3 , indicate larger data scattering when the GIXRD mode is applied. The values of residual stress and stress-free lattice parameter are shown in Figure 8 . 
Following the GIXRD method, the measured lattice parameter a {hkl} were plotted against the sin 2 ψ for the applied Ω angles from 2 • to 35 • . Results of the linear regressions are shown in Table 4 . Figure 7 shows the plots. Similar to the chart in Figure 4 , the vertical axis is drawn with a constant scale instead of exact value, so that the as-measured a {hkl} values in each group can be plotted versus the sin 2 ψ values to show their match to a linear regression. Most of the plots, for Ω = 2 •~2 8 • , show fairly good linear relationships although the precision factors, R 2 , in a range of 0.69-0.82, are considerably lower than those obtained using the {hkl} mode as shown in Table 3 . However, the slopes show substantially different values depending on the Ω angle. Whereas most slopes are negative giving rise to compressive stresses, the data acquired at the smallest Ω angle of 2 • leads to a positive slope and a tensile residual stress. The different values of the calculated slope, ranging between −6.82 × 10 −3 and 0.64 × 10 −3 , indicate larger data scattering when the GIXRD mode is applied. The values of residual stress and stress-free lattice parameter are shown in Figure 8 . The applied Ω angle shows pronounced influence on both the measured residual stress and the stress-free lattice parameter. In the middle Ω range, the measured residual stresses are compressive and exhibit a linear increase with increasing Ω angle, namely, from −3.13 to −6.10 GPa. Meanwhile, the calculated stress-free lattice parameter a0 shows values in a narrow range of 0.4239-0.4246 nm, which are consistent to the measurements under the {hkl} mode (Table 3 and Figure 5 ) and do not vary with the Ω angle. The consistent a0 values reveal good chemical homogeneity of the nitrogen concentration across the whole coating section, since the lattice parameter of TiN is known to be The applied Ω angle shows pronounced influence on both the measured residual stress and the stress-free lattice parameter. In the middle Ω range, the measured residual stresses are compressive and exhibit a linear increase with increasing Ω angle, namely, from −3.13 to −6.10 GPa. Meanwhile, the calculated stress-free lattice parameter a0 shows values in a narrow range of 0.4239-0.4246 nm, which are consistent to the measurements under the {hkl} mode (Table 3 and Figure 5 ) and do not vary with the Ω angle. The consistent a0 values reveal good chemical homogeneity of the nitrogen concentration across the whole coating section, since the lattice parameter of TiN is known to be The applied Ω angle shows pronounced influence on both the measured residual stress and the stress-free lattice parameter. In the middle Ω range, the measured residual stresses are compressive and exhibit a linear increase with increasing Ω angle, namely, from −3.13 to −6.10 GPa. Meanwhile, the calculated stress-free lattice parameter a 0 shows values in a narrow range of 0.4239-0.4246 nm, which are consistent to the measurements under the {hkl} mode (Table 3 and Figure 5 ) and do not vary with the Ω angle. The consistent a 0 values reveal good chemical homogeneity of the nitrogen concentration across the whole coating section, since the lattice parameter of TiN is known to be determined predominantly by its Ti:N ratio.
At the smallest incident angle of 2 • , however, the a {hkl} vs. sin 2 ψ plot turns out a poor linear relation with very low regression precision of R 2 = 0.08, seeing Figure 7 and Table 4 . Surprisingly, it derives a tensile residual stress of 579 MPa, along with a lattice parameter of 0.4215 nm, substantially lower than other measurements. The plot obtained at the highest incident angle 35 • is also poorly linear with a low R 2 value of 0.29. The measured residual stress is −3.10 GPa, lower than those measured at lower incident angles.
Effect of X-ray Attenuation on the Results of Residual Stress Calculation
The results confirm strong influence of the selected XRD geometric parameters on the stress calculations. The relationships could be understood if the factor of X-ray attenuation is considered. In the XRD data acquisition, X-rays penetrate to the surface only in a limited depth because of the mass attenuation as a result of inelastic scattering, heat generation, and excitation of photoelectrons, etc.
The mass attenuation of X-ray in a diffraction process is schematically shown in Figure 9 . An incident X-ray array of initial intensity I 0 hits the sample surface at an incident angle Ω. After travelling to a depth t, its intensity is attenuated to I 1 and causes a diffraction array from the lattice plane {hkl} with a diffraction angle 2θ. Then, considering the mass attenuation, the intensity of the diffraction array emitting out of the sample surface, I z , can be expressed as a function of the total transmission distance, z, the mass density of the sample solid, ρ, and the mass absorption coefficient, µ/ρ, in Equation (6) [2] . According to the simple geometry as shown in Figure 9 , the transmission length z is determined by the depth z, and the angles Ω and 2θ. An equation can be drawn, as shown in Equation (7), to calculate the X-ray diffraction intensity I z generated at the depth t. Then, for a given set of Ω and 2θ angles, the normalized diffraction intensity, I z /I 0 , can be calculated using to Equation (7) to plot as a function of the depth, t. Selected results are illustrated in Figure 10 .
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At the smallest incident angle of 2°, however, the a{hkl} vs. sin 2 ψ plot turns out a poor linear relation with very low regression precision of R 2 = 0.08, seeing Figure 7 and Table 4 . Surprisingly, it derives a tensile residual stress of 579 MPa, along with a lattice parameter of 0.4215 nm, substantially lower than other measurements. The plot obtained at the highest incident angle 35° is also poorly linear with a low R 2 value of 0.29. The measured residual stress is −3.10 GPa, lower than those measured at lower incident angles.
The mass attenuation of X-ray in a diffraction process is schematically shown in Figure 9 . An incident X-ray array of initial intensity I0 hits the sample surface at an incident angle Ω. After travelling to a depth t, its intensity is attenuated to I1 and causes a diffraction array from the lattice plane {hkl} with a diffraction angle 2θ. Then, considering the mass attenuation, the intensity of the diffraction array emitting out of the sample surface, Iz, can be expressed as a function of the total transmission distance, z, the mass density of the sample solid, ρ, and the mass absorption coefficient, μ/ρ, in Equation (6) [2] . According to the simple geometry as shown in Figure 9 , the transmission length z is determined by the depth z, and the angles Ω and 2θ. An equation can be drawn, as shown in Equation (7), to calculate the X-ray diffraction intensity Iz generated at the depth t. Then, for a given set of Ω and 2θ angles, the normalized diffraction intensity, Iz/I0, can be calculated using to Equation (7) to plot as a function of the depth, t. Selected results are illustrated in Figure 10 . In Figure 10 , a general trend is that the diffraction intensity attenuates with the increased depth position. The intensity profile for a given set of Ω and 2θ angles represents the different contributions of small volumes at different depths to the sum of the detected diffraction intensity. In other words, the top surface always contributes more than the subsurface region. Moreover, Figure 10 also reveals that the rate of attenuation depends strongly on the applied Ω and 2θ angles, especially the former. At a low Ω angle, the normalized diffracted intensity drops quickly with sample depth, whereas the dropping rate becomes slower when the incident Ω angle becomes higher. Therefore, the relative contribution at a subsurface depth contributes increasingly more with increasing Ω angle. Similarly, the depth profile is also influenced by the diffraction angle, i.e., the employed lattice plane. For the diffractions acquired from a plane of higher index number, e.g., {422} and {222} as shown in Figure  10b ,c, most depth profiles show less dependence on the penetration depth. In other words, the detected diffraction is an integration of those generated from the whole coating section although the contribution depends on the depth position.
Such variation of the X-ray penetration depth can be illustrated more quantitatively as a function of the Ω and 2θ angles. If the X-ray penetration depth is defined as the depth to generate a normalized intensity of Iz/I0 = 0.36, it is possible to estimate the depth as a function of the applied Ω and 2θ angles. The results are displayed in Figure 11 . In Figure 10 , a general trend is that the diffraction intensity attenuates with the increased depth position. The intensity profile for a given set of Ω and 2θ angles represents the different contributions of small volumes at different depths to the sum of the detected diffraction intensity. In other words, the top surface always contributes more than the subsurface region. Moreover, Figure 10 also reveals that the rate of attenuation depends strongly on the applied Ω and 2θ angles, especially the former. At a low Ω angle, the normalized diffracted intensity drops quickly with sample depth, whereas the dropping rate becomes slower when the incident Ω angle becomes higher. Therefore, the relative contribution at a subsurface depth contributes increasingly more with increasing Ω angle. Similarly, the depth profile is also influenced by the diffraction angle, i.e., the employed lattice plane. For the diffractions acquired from a plane of higher index number, e.g., {422} and {222} as shown in Figure 10b ,c, most depth profiles show less dependence on the penetration depth. In other words, the detected diffraction is an integration of those generated from the whole coating section although the contribution depends on the depth position.
Such variation of the X-ray penetration depth can be illustrated more quantitatively as a function of the Ω and 2θ angles. If the X-ray penetration depth is defined as the depth to generate a normalized intensity of I z /I 0 = 0.36, it is possible to estimate the depth as a function of the applied Ω and 2θ angles. The results are displayed in Figure 11 . Bearing in mind that the intensity of each acquired diffraction peak is actually an integration of the crystalline diffractions generated at a range of depth, Figure 11 would be helpful in interpreting the residual stresses measured under the two modes, i.e., the {hkl} mode and the GIXRD mode.
In the {hkl} mode, the effective penetration depth for each employed lattice plane varies in a range depending on the applied Ω angle. The Ω-dependent penetration implies that the diffraction peaks acquired in each group were generated from different volumes. Given the depth-dependent heterogeneity of the coating structure, it should be understood that the measured residual stress is an approximate estimation of the overall residual stress instead of an accurate measurement. Nevertheless, such estimated residual stress is acceptable only when a high-angle diffraction peak is employed to allow sufficient X-ray penetration depth. For the high-index planes from {222} to {422} where the diffraction angle (2θ) is higher than 70°, the X-ray penetration depths are comparable to each other and relatively independent to the employed {hkl} plane, whereas most the diffractions were generated from the whole coating section. This may give a reasonable explanation of the comparable residual values obtained from high-angle {hkl} diffractions, Figure 5 .
The results in Figure 5 suggest that it is not recommended to use low index planes in residual stress measurements. Although it is not in the scope of this paper to give an extensive explanation to the extraordinary values calculated from the {111}, {200} and {220} planes, perhaps an important factor can be the lower a0 values, because the residual stress values were calculated using Equation (2a), in which the residual stress σ increases with the decrease of the constant D and, in Equation (1d), D varies linearly with d0.
In addition, considering the strong dependence of penetration depth on the Ω angle, it is recommended to avoid using a low Ω angle. In the previous section, it has been mentioned that the data acquired at the lowest Ω angle were precluded in the stress calculation, because obviously these diffractions were emitted from a very thin surface layer and therefore cannot represent the straining behavior of the whole coating thickness range.
Thus, it is possible to explain the different residual stress values measured from the {111} and {222} planes and from the {200} and {400} planes. The penetration depths of the {111} and {222} diffraction peaks are in the ranges of 0.31-1.43 μm and 0.32-2.99 μm, respectively. The low-index diffraction peaks represent the straining behavior of the thin top coating instead of the whole thickness range. More importantly, the penetration depth also depends strongly on the applied Ω angle. Thus, the calculated residual stresses are significantly overestimated because of the heterogeneous growth structure of the sputtered coating.
In the GIXRD mode, as shown in Figure 11 , the X-ray penetration depth depends mainly on the Ω angle regardless of the {hkl} plane. In other words, the diffraction peaks acquired at each Ω angle were Bearing in mind that the intensity of each acquired diffraction peak is actually an integration of the crystalline diffractions generated at a range of depth, Figure 11 would be helpful in interpreting the residual stresses measured under the two modes, i.e., the {hkl} mode and the GIXRD mode.
In the {hkl} mode, the effective penetration depth for each employed lattice plane varies in a range depending on the applied Ω angle. The Ω-dependent penetration implies that the diffraction peaks acquired in each group were generated from different volumes. Given the depth-dependent heterogeneity of the coating structure, it should be understood that the measured residual stress is an approximate estimation of the overall residual stress instead of an accurate measurement. Nevertheless, such estimated residual stress is acceptable only when a high-angle diffraction peak is employed to allow sufficient X-ray penetration depth. For the high-index planes from {222} to {422} where the diffraction angle (2θ) is higher than 70 • , the X-ray penetration depths are comparable to each other and relatively independent to the employed {hkl} plane, whereas most the diffractions were generated from the whole coating section. This may give a reasonable explanation of the comparable residual values obtained from high-angle {hkl} diffractions, Figure 5 .
The results in Figure 5 suggest that it is not recommended to use low index planes in residual stress measurements. Although it is not in the scope of this paper to give an extensive explanation to the extraordinary values calculated from the {111}, {200} and {220} planes, perhaps an important factor can be the lower a 0 values, because the residual stress values were calculated using Equation (2a), in which the residual stress σ increases with the decrease of the constant D and, in Equation (1d), D varies linearly with d 0 .
In addition, considering the strong dependence of penetration depth on the Ω angle, it is recommended to avoid using a low Ω angle. In the previous section, it has been mentioned that the data acquired at the lowest Ω angle were precluded in the stress calculation, because obviously these diffractions were emitted from a very thin surface layer and therefore cannot represent the straining behavior of the whole coating thickness range.
Thus, it is possible to explain the different residual stress values measured from the {111} and {222} planes and from the {200} and {400} planes. The penetration depths of the {111} and {222} diffraction peaks are in the ranges of 0.31-1.43 µm and 0.32-2.99 µm, respectively. The low-index diffraction peaks represent the straining behavior of the thin top coating instead of the whole thickness range. More importantly, the penetration depth also depends strongly on the applied Ω angle. Thus, the calculated residual stresses are significantly overestimated because of the heterogeneous growth structure of the sputtered coating.
In the GIXRD mode, as shown in Figure 11 , the X-ray penetration depth depends mainly on the Ω angle regardless of the {hkl} plane. In other words, the diffraction peaks acquired at each Ω angle were from the same depth, which is consistent with the analytical results of other researchers [13] [14] [15] [16] . Therefore, the calculated residual stress value each represents an integrated stress value at certain coating thickness. Considering the fact that most hard coatings exhibit heterogeneous structure depending on the plasma-assisted growth [16] [17] [18] [19] [20] [21] 26, 28, 29] , the GIXRD mode has provided an opportunity to analyze the depth profile of residual stresses, which also helps improve the understanding of the heterogeneous structure.
At the lowest incident Ω angle of 2 • , the measured residual tensile stress and the substantially smaller lattice parameter a 0 are substantially different from those determined at higher Ω angles. Because the intensity decreases quickly with increasing depth, the X-ray penetration was restrained in a small depth of 0.3 µm. Therefore, the obtained diffractions should represent merely the crystallographic property of the close vicinity of the coating surface. To the knowledge of the authors, there has been no literature which addressed the unusual residual stresses experimentally measured in the extreme surface layer of sputtered TiN coatings. Instead, the formation of tensile residual stresses in the initial growth of thin films has been reported to be related to the constrained shrinkage when individual islands begin to coalesce to each other [30] [31] [32] . It is known that the atomic stacking structure of the as-grown coating surface differs greatly to the inner volume, seeing its roughness in atomic and nano scales in Figure 2 . In literature, it has been reported that a T-type sputtered coating exhibits dense columnar grains and sub-dense grain boundaries, in which the atomic interaction forces between two adjacent grains result in localized shrinkage and tensile residual stresses [33] . Such tensile stresses at the grain boundaries are combined with the ion-peening induced compressive stresses inside the dense grains to result in a decreased overall compressive residual stress [21, 28] . These may partially explain the different residual stresses as measured at the low incident Ω angle, whereas further detailed explanation is beyond the scope of this paper.
When the Ω angle is higher than 10 • , the measured a 0 values become more stabilized, which may imply homogeneous nitrogen concentration of the TiN coating. The increased residual stress with increasing Ω angle shows strong evidence of a stress profile along the depth direction. Because the X-ray penetration depth depends almost only on the applied Ω angle and each diffraction peak acquired at a certain Ω angle is actually the integration of diffractions of small volumes within a depth defined by the Ω angle, it is needed to consider a method of analysis to determine a depth profile of the actual residual stress, such as in literature [17] [18] [19] . Obviously, more extensive data processing is required, which is beyond the focus of this paper. In brief, the GIXRD mode provides a valuable analytical method to investigate the residual stress distribution in a heterogeneous coating system. The residual stress can be expressed as a function of the applied Ω angle or X-ray penetration depth, instead of a single value. Figure 12 illustrates the effect of the adopted Young's modulus values on the calculated residual stresses both following the conventional {hkl} mode and the GIXRD mode. In Figure 12a , the residual stress values are compared between the two adopted constant E values, namely, 456 GPa and 300 GPa. Obviously, the higher E value leads to larger values of the calculated residual stress for its linear relation to the elastic modulus, Equations (1) and (3) . Similar relations are also obtained in the residual stress values calculated out of the GIXRD mode, as shown in Figure 12b . For both measurement modes, Figure 12a ,b show limited influence of the anisotropic E values on the calculated residual stress values. All the values are slightly lower than those obtained from the constant E value of 456 GPa, but substantially higher than those from the E value of 300 GPa. These are not difficult to understand as the adopted anisotropic E modulus, in the range of 417-451 GPa, are close to the higher constant E value of 456 GPa. 
Effect of Anisotropic Elastic Modulus on the Calculated Residual Stress Values
Conclusions
Using a magnetron sputtered TiN coating, we have experimentally investigated the uncertainty of XRD residual stress measurements as a function of several factors. The results have been interpreted along with the calculation of effective X-ray penetration. The following conclusions can be made.

The incident Ω angle has decisive influence on the effective X-ray penetration that the penetration increases significantly with the increase of the Ω angle. On the other hand, for a given Ω angle, the effect of the employed diffraction angle 2θ, i.e., the {hkl} crystalline plane, is negligible.  When measuring using the conventional d-sin 2 ψ mode, it is necessary to select a lattice plane of high diffraction angle. The results present the approximate estimation of overall residual stress over the depth of effective X-ray penetration. In the case of TiN coating, as shown in the current study, the residual stresses measured from the diffraction peaks of high-index planes from {311} to {422} are comparable to each other. On the other hand, measurements from the low-index planes {111}, {200} and {220} give rise to extraordinarily high values.  When measuring using the GIXRD mode, the calculated residual stress depends strongly on the X-ray penetration depth as predominantly determined by the incident Ω angle. This method helps determine a depth profile of residual stress in a coating of heterogeneous growth structure. 
The anisotropy of elastic modulus has a certain influence on the calculation of residual stress, while the influence is not pronounced as compared to the incident Ω angle. The comparison, as shown in Figure 12 , suggests that it is generally acceptable to adopt a constant or isotropic E value in the calculation of residual stresses, especially when the aim is to investigate the influence of different deposition processes or between different coating conditions [6, [8] [9] [10] [14] [15] [16] 28, 29] . However, one should be careful if the residual stresses of thin films or coatings are to be compared when they are calculated by using different E values.
Conclusions
•
The incident Ω angle has decisive influence on the effective X-ray penetration that the penetration increases significantly with the increase of the Ω angle. On the other hand, for a given Ω angle, the effect of the employed diffraction angle 2θ, i.e., the {hkl} crystalline plane, is negligible. • When measuring using the conventional d-sin 2 ψ mode, it is necessary to select a lattice plane of high diffraction angle. The results present the approximate estimation of overall residual stress over the depth of effective X-ray penetration. In the case of TiN coating, as shown in the current study, the residual stresses measured from the diffraction peaks of high-index planes from {311} to {422} are comparable to each other. On the other hand, measurements from the low-index planes {111}, {200} and {220} give rise to extraordinarily high values. • When measuring using the GIXRD mode, the calculated residual stress depends strongly on the X-ray penetration depth as predominantly determined by the incident Ω angle. This method helps determine a depth profile of residual stress in a coating of heterogeneous growth structure.
The anisotropy of elastic modulus has a certain influence on the calculation of residual stress, while the influence is not pronounced as compared to the incident Ω angle. 
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